Background: Hepatitis B virus is a major human pathogen which has been extensively studied, yet its structure is unknown. Cryo-electron microscopy of the viral cores expressed in Escherichia coli or isolated from infected liver provides a means for determining the structure of the hepatitis B nucleocapsid. Results: Using cryo-electron microscopy and threedimensional image reconstruction, we have determined the structures of duck and human hepatitis B virus cores and find that they have similar dimer-clustered T=3 and T=4 icosahedral organizations. The duck virus core protein sequence differs from the human in both length and amino acid content; however, the only significant structural differences observed are the lobes of density on the lateral edges of the projecting (distal) domain of the core protein dimer. The different cores contain varying amounts of nucleic acid, but exhibit similar contacts between the core protein and the nucleic acid. Immunoelectron microscopy of intact cores has localized two epitopes on the core surface corresponding to residues 76-84 and 129-132. Conclusions: The bacterial expression system faithfully reproduces the native hepatitis B virus core structure even in the absence of the complete viral genome. This confirms that proper assembly of the core is independent of genome packaging. Difference imaging and antibody binding map three sequence positions in the structure: the C terminus and the regions near amino acids 80 and 130. Finally, we suggest that the genome-core interactions and the base (proximal) domain of the core dimer are evolutionarily conserved whereas the projecting domain, which interacts with the envelope proteins, is more variable.
Introduction
Hepatitis B virus (HBV) is the prototypic member of the hepadnaviridae, a family of partially double-stranded DNA viruses. It is one of the most life-threatening and widespread human pathogens. HBV employs a unique DNA replication mechanism involving reverse transcription of an RNA intermediate. The virus is both host and tissue specific. Besides the human virus, there are related hepadnaviridae in other mammals (woodchuck and ground squirrel) as well as in birds (duck [DHBV] and grey heron). The genomes of a variety of HBVs have been completely sequenced and the organization and life cycle of HBV have been characterized biochemically [1] . In contrast, the modes of cellular entry and exit as well as the viral assembly pathway and structure remain poorly understood.
HBV (-42 nm in diameter) has an outer membrane incorporating cellular lipids and viral envelope proteins enclosing a nucleocapsid (or core) assembled from dimers [2] of the single species of core protein (C) [3] . The virus core contains a partially double-stranded circular DNA covalently linked to a single copy of the viral reverse transcriptase (P). After endocytosis of the virus [4] , the genome enters the nucleus. It is transcribed and the resultant genomic and subgenomic RNAs are exported to the ctoplasm for translation. The envelope proteins enter the secretory pathway and remain in a pre-Golgi compartment until assembly [5] . Dimers of C and a single copy of P specifically interact with one of the genomic transcripts (the RNA pregenome) in the cytoplasm to form the core [6, 7] . The P protein reverse transcribes the RNA into the genomic DNA within the core. Cores are enveloped by interaction with the viral envelope proteins and are exported through the secretory pathway to yield mature infectious virions. (For a recent review of HBV morphogenesis, see [8] .)
The study of the hepatitis B virus core (HBc) is motivated by its fundamental biological importance as well as its medical significance. The core is a protective container for the viral genome. Its interior provides a suitable environment for the complex process of reverse transcription. Its exterior interacts with the viral membrane proteins in a specific manner leading to envelopment of the core. The importance of the core to biotechnology results from its particular immunological properties which make it a promising carrier for presentation of foreign epitopes [9] . The core protein and its mutants can be expressed in a variety of heterologous systems including Escherichia coli. These proteins can from macromolecular complexes even in the absence of the *Corresponding author. complete RNA pregenome. Biochemical analyses of these systems have indicated that the first 144 (but not 139) amino acids of the HBV core protein are sufficient for assembly. The Ctterminal sequence is very rich in arginine residues which are involved in non-specific RNA packaging in these heterologous systems [10, 11] . This arginine-rich sequence is also required for the encapsidation of the HBV RNA pregenome [12] . The effect on the nucleocapsid structure of packaging different RNAs remains unknown.
The DHBV core protein has been less extensively characterized. It differs substantially from the HBV core protein in length (262 residues versus 183) and primary sequence. Nevertheless, the protein may be organized similarly into separate assembly and nucleic acid-binding domains [13] . The large divergence in sequence means that the conserved regions, which presumably have functional significance, are clearly demarcated. DHBV provides a useful model for studying human HBV, particularly because of the lack of a convenient tissue culture system for HBV. The application of DHBV as a model system is validated here at the structural level.
Previous work [14] has shown that the human hepatitis B virus core protein expressed in bacteria from cDNA (coding only for the C protein) can assemble into core particles of two different sizes (-30 nm and -34 nm in diameter) with icosahedral dimer-clustered T=3 and T=4 symmetries. The internal densities of the cores assembled from full-length and C-terminally truncated proteins are dramatically different, probably because of the presence of nucleic acid in the former but not the latter. Also, there are visible connections between the core protein shell and the nucleic acid.
Our research has extended the work with the human virus core constructs to include the large (T=4) native human hepatitis B virus core (nHBc) isolated from human liver and the small (T=3) and large (T=4) duck hepatitis B virus cores (DHBc) made in E. coli. We have also analyzed the small (T=3) and large (T=4) cores assembled from full-length human core protein (filHBc) and the large (T=4) core assembled from C-terminally truncated human core protein (ctHBc) expressed in E. coli. The structures were determined using cryoelectron microscopy (cryo-EM) and three-dimensional (3D) image reconstruction techniques. Traditional antibody-binding assays, such as ELISA, may disrupt a structure such as the HBV capsid and expose antigenic sites that would normally be buried in the intact core. Consequently, we have used conventional electron microscopy to demonstrate the surface accessibility of specific HBV epitopes. The comparison of the different HBc reconstructions in conjunction with the sequence alignment, immunological and biochemical data define the correspondence between several regions of the sequence and the 3D structure. This correspondence, in combination with assembly data, establishes a firm basis for understanding core assembly and stability.
Results

Epitope mapping by monoclonal antibodies
The HBV core protein can express distinct antigenicities. In one case, the intact core particles are serologically defined as HBcAg with one major epitope, c, located at about amino acid residue 80 in the core protein sequence. The secreted core-protein-specific antigen HBeAg exhibits two major determinants, HBel/HBea, which overlaps with the c determinant, and HBe2/HBeb, which is located around residue 130 [15, 16] . Finally, in addition to HBc-specific and HBe-specific monoclonal antibodies (Mabs), there are Mabs that react preferentially with denatured core protein [17] .
Biochemical assays of antigenicity are dependent on the preparation and presentation of the antigen. This is especially problematic for macromolecular complexes, such as HBc, where not only the molecular components but the entire assembly may acquire new conformations or even dissociate in the course of the assay. We avoided this problem by direct observation of the reactivities of the different Mabs with intact human hepatitis B virus cores using electron microscopy ( Fig. 1 ). Table 1 summarizes the accessibility data.
As expected, all HBc-specific Mabs reacted with particles assembled from full-length and truncated core protein (residues 1-149). Although the epitopes for mc205 and mc275 cannot be mimicked by peptides, their ability to cross-compete with mc312 (which recognizes residues 76-84 as its epitope) suggests that they also bind to the same region. Hence, the sequence around residue 80 of the core protein, constituting the major epitope for human anti-HBcAg antibodies [16, 17] , must be exposed on the particle surface to be accessible to large molecules such as immunoglobulin (Ig) G. It is interesting to note that, based on sequence comparison analysis [18] , this region in the amino acid sequence of the human core protein is also the location of a 39 amino acid insertion in the duck core protein. The locations of the epitopes on the HBc sequence and a comparison of the duck and human sequences are illustrated in Figure 2 . In this and subsequent figures, the different core types are colorcoded: nHBc is yellow, fHBc is blue, ctHBc is red and DHBc is green.
Some of the HBeAg-specific Mabs did not react with core particles. This observation is consistent with the serological distinction between HBcAg and HBeAg. However, two HBe2-specific Mabs were found to bind to intact particles: mc152 (which binds to flHBc and ctHBc) and mc158 (which only binds to ctHBc). These define distinct epitopes in the region of residue 130 of the HBV core protein sequence.
Cryo-electron microscopy of the cores
Images of the unstained hepatitis B virus cores in vitreous ice were recorded by low-dose cryo-EM. The contrast of the images is affected by the microscope contrast transfer function. This was optimized for different spatial Table 1 for a summary of the reactivity of all of the monoclonals used in this study.) The scale bar represents 60 nm. frequency ranges by setting the microscope defocus. The more underfocused particle images exhibit higher contrast which makes them useful for determining the initial particle orientations. The closer-to-focus images ( Fig. 3) contain the higher-resolution information necessary for refining the orientations and determining the final 3D reconstruction. Images that were less than 2 im underfocus were of insufficient contrast to allow particle orientations to be reliably assigned. Consequently, fields of the viruses were recorded with underfocus values of 2 ILm and 4 Lim.
The images ( Fig. 3 ) demonstrate two general observations concerning particle size and density. Firstly, there are at least two size classes of particles for all four (nHBc, ctHBc, flHBc and DHBc) core types. These are roughly spherical particles about 30 nm and 34 nm in diameter. The ratios of large to small particles (based on samples of 100-200 particles per core type) are 13:1 for nHBc, 1:1 for ctHBc, 3:1 for flHBc and 1.5:1 for DHBc. Secondly, the average density in the center of the particles depends on the core types. The ctHBc particles have a lower central density than the flHBc particles which in turn have a lower density than the nHBc particles.
The four core types of the large (34 nm diameter) class can be distinguished by their radial density profiles ( Fig. 4 ). Each core profile has a similar peak of density centered at -15 nm. ctHBc, which packages only trace amounts of nucleic acid [10, 11] , does not display much density inside this peak. The density in this peak (13-17 nm) therefore corresponds to the shell of core protein. The other cores have density inside this shell. Because the core protein density is accounted for, this internal density can be attributed to nucleic acid, with a minor The table summarizes the characteristics of the different Mabs. The Mab reactivities with full-length cores (flHBc) and C-terminally truncated cores (ctHBc) were observed by conventional electron microscopy (see Fig. 1 ). protein shell. 'The native particle (nHBc) exhibits density distributed throughout the interior of the core. The viral reverse transcriptase can account for only a very small fraction (<7%) of this density. It is clear that the native human core contains more nucleic acid than either of the constructs expressed in E. coli and that the radial density of the protein shell is similar in all four large core types. These observations are independent of the symmetry of the particles -unlike the 3D reconstructions for which icosahedral symmetry is assumed -and are therefore based on the average radial density of the particles and not the reconstructed density. contribution from the 34 amino acids of the C-terminal tail. For the cores expressed in E. coli (filHBc and DHBc), the RNA lies primarily in a single peak just inside the
Reconstruction of the cores
The reconstruction procedure starts with the lower-resolution, further-from-focus particle images (about 100 large and 20 small per core type) and finishes with refined structures produced from the higher-resolution, closerto-focus particle images [19] . Based on model building and refinement, the orientations of typically more than a dozen large class and about five small class closer-to-focus particle images were determined. The reliable resolution limit for the orientations of the large particles is 33 A and the small particles is 38 A based on the cross-common lines residual. Fourier ring correlation (FRC) analysis [20] was applied to the same core structures with 522 symmetry and full icosahedral (532) symmetry imposed. This gives the resolution limit to which full icosahedral symmetry is preserved in the reconstruction procedure (which only imposes 522 symmetry). The FRC resolution limits are listed in Table 2 . The isodensity surface representations of the core reconstructions made with these particles are shown in Figures 5 and 6.
The core protein shell volume is defined by the isodensity surface of the reconstruction excluding the internal (radius <13 nm) nucleic acid density. The total volume occupied by the large (T=4) DHBc core protein shell is 9470 nm 3 . Hence, each duck C monomer occupies 19.7 nm 3 . The volumes of the human core protein shells are 7450 nm 3 (flHBc), 7950 nm 3 (ctHBc) and 8380 nm 3 (nHBc). The average volume of the human C monomer is therefore 16.5 nm 3 . Even though care was taken to process the data identically, the measure of the absolute volume is susceptible to systematic error arising from the microscope imaging conditions and the definition of the contour level used to define the structure. The small differences in volume (<4%) between the human virus core particle reconstructions demonstrate the precision of the volume measurements. This allows us to conclude that the reconstructions account for the overwhelming majority of the capsid protein; regions which are disordered at the resolution of our reconstructions must be small.
Confidence in the structures, in addition to that provided by the common lines residual and FRC measurements of icosahedral symmetry, is strengthened by comparing independently made reconstructions. Specifically, reconstructions were made of separately prepared large DHBc, small DHBc and large flHBc (not shown). The icosahedral symmetry triangulation () number, core dimer shape and relative nucleic acid content are the same as in the presented reconstructions of the corresponding core type. The independent reconstructions confirm the general nature of the structural similarities and differences between the human and duck cores.
Organization of the core protein shell
All of the cores (fiHBc, ctHBc, nHBc and DHBc) have two size classes. The structures of all four large class cores were determined. However, due to the scarcity of the data, reconstructions were made of only two of the small class core types (namely fHBc and DHBc). The large (-34 nm) size cores are similarly organized dimerclustered T=4 structures. The small (-30 nm) size cores are dimer-clustered T=3 assemblies. The T=3 and T=4 structures are the same in the regions of the icosahedral fivefold axes. In the T=4 configuration, the dimers around the fivefold axes point towards the icosahedral twofold axes (which exhibit local quasi-sixfold symmetry). In the T=3 structures, the fivefold-oriented dimers are directed towards the icosahedral threefold axes (also exhibiting local quasi-sixfold symmetry).
All of the structures have weak regions of density that can be interpreted as holes penetrating the protein shell. In Fourier ring correlation (FRC) analysis was used to determine the resolution to which the structures showed full icosahedral symmetry rather than the 522 symmetry imposed by the reconstruction process. The resolution to which different structures agree matches this estimate for corresponding structures (nHBc, ctHBc and flHBc) and deviates substantially for comparison with different structures (DHBc).
the T=4 structures, there are triangular-shaped holes (-3 nm in diameter) in the centers of the quasi-threefold (surrounding the icosahedral fivefold axes) and true icosahedral threefold axes. The holes in the T=3 core structures are also located at the local threefold axes around the icosahedral fivefold axes. These are most easily seen in the large ctHBc reconstruction depicted in Figures 5 and 6. Smaller holes (-2 nm in diameter) in the middle of the quasi-sixfold axes can be seen in the surface representation of the ctHBc reconstruction. The other reconstructions do not show the quasi-sixfold holes at this contour level. This is because the appearance and size of the holes is much more dependent on the level of the contour than the other features of the reconstructions. The sizes of the holes reported are, therefore, only approximate. The T=3 and T=4 structures also have moderately weak densities at the centers of the fivefold axes. The holes penetrating the protein shell are clearly shown in the radial projection of a spherical section of the DHBc large class core ( Fig. 7) .
Core dimer
The core dimer has the same shape and volume (-33 nm 3 ) in the different human HBc reconstructions ( Fig. 8 ). It is a two domain structure. The projecting (distal) domain of each dimer is -2 nm wide by -3 nm high. The base (proximal) domain of the dimer is roughly elliptical. The long axis is -7 nm and the short axis is -4 nm. The long axis of each base is roughly perpendicular to a quasi-sixfold axis. Also, the fivefold-oriented bases and this almost fills the volume inside the core protein shell. These results are consistent with the radial density profiles (Fig. 4) of the particle images. The internal shell of reconstructed density observed in DHBc, flHBc and nHBc is primarily the nucleic acid. Furthermore, the empty ctHBc reconstruction confirms that the C terminus is required for packaging nucleic acid [10, 11] . point towards the icosahedral fivefold symmetry axis. FRC analysis confirms the similarity of the protein shells of the different human T=4 core reconstructions to better than 33 A resolution (see Table 2 ). The same analysis indicates that the similarity of the duck and human core protein shells breaks down at 50-55 A resolution. The shape and orientation of the DHBc dimer (-40 nm 3 ) are similar to the human core dimer, with the striking exception of two wings of extra density (3.2 nm 3 per C monomer). These wings extend from the sides of projecting domain in the same direction as the short axis of the base. The wings are explicitly seen in the comparison of the DHBc and the HBc structures (Fig. 8 ). The threefold symmetry has not been imposed in the reconstructions. Consequently, the high conservation of such features as the wings and projecting domains on the threefold-related dimers indicates their reliability.
Nucleic acid organization
The 3D density inside the core protein shell differs between the four types of core reconstructions (Fig. 6b ). There is a very small amount of weak density (much less than the core protein density) inside the ctHBc reconstruction. The large and small flHBc and DHBc reconstructions have a single shell of internal density 4-5 nm thick. There is a little weak density inside this shell. The native structure has the largest amount of internal density
The organization of nucleic acid density is revealed in the 3D reconstructions. In the filled cores (flHBc, DHBc and nHBc), there are regions of density which lie between the internal shell of density and the core protein shell (Fig. 6b ). These regions are not observed in the C-terminally truncated core reconstruction (ctHBc) implying that they represent the C termini of the core protein. In the filled core reconstructions, this density contacts the base of each core dimer (Fig. 7) . The contact with a fivefoldoriented dimer is near the center of the dimer base. The contacts with the dimers around the threefold axis appear to angle into the center of the symmetry axis (Fig. 7b,c ).
Discussion
Assembly of HBc
Viral structural proteins can be expressed and assembled into macromolecular complexes in bacteria. In order to use such assemblies to model the in vivo structures their similarity must be established. This is shown by comparing the reconstructions of the authentic hepatitis B virus core isolated from infected human liver and those of the bacterially expressed cores. The protein shell of core dimers in the full-length construct (flHBc) is the same as the structure isolated from human liver (nHBc). This is also true of the C-terminally truncated construct (ctHBc). Hence, no liver cell specific mechanism exists for the assembly of the protein shell of hepatitis B virus cores. The full-length construct assembles into a nativelike structure which packages RNA (the sub-genomic fraction of the viral RNA or host RNA in E. col), even in the absence of the pregenomic packaging signal sequence [21] . Furthermore, in the case of ctHBc, core assembly does not specifically require nucleic acid packaging. Correct assembly of the core can occur independently from genome incorporation.
T=3 versus T=4
The selection of particle size and triangulation number is controlled in a number of DNA viral systems [22] . The bacteriophage system of P2 (T=7) and its parasite P4 (T=4) system [23] uses scaffolding proteins to control the selection of triangulation number during assembly. The more complex viruses, such as adenovirus [24] , contain cementing proteins which may be required for correct assembly of the capsid. HBV cannot employ either strategy. The basis of a T=3 arrangement is the requirement for three conformations (A, B and C) of the capsid protein with 60 copies of each giving a total of 180 copies, whereas a T=4 arrangement requires four conformations (A, B, C and D), with 60 copies of each to give 240 copies in total. The similarity of the organization of the dimers around the fivefold axes of the T=3 and T=-4 cores suggests that two of the four conformations (A and B) are maintained between the two structures. The switch between T=-3 and T=4 is accomplished by the addition of a D conformation dimer in the asymmetric unit. The preservation of two conformations in both structures may be the basis of their nearly equal stability that allows the coexistence of large and small cores in all of the expression systems.
The existence of the two forms raises the question of the selection of the core triangulation number (T=3 or T=-4) for virus formation. RNA packaging is not the determining factor as both T=3 and T=4 cores can package nucleic acid. Because the large to small core particle ratio for the liver isolate is higher than for the bacterially expressed constructs, it may be tempting to speculate that the HBV virion contains a large (T=4) core. However, it is prudent to note that the disparity in the nHBc and flHBc particle ratios may simply be the result of their different isolation procedures (see the Materials and methods section). Determination of the entire virion structure should resolve the basis of T number selection for HBV and perhaps elucidate the assembly mechanism.
Core-nucleic acid interactions
The reconstructions of the cores packaging nucleic acid (DHBc, flHBc and nHBc) exhibit icosahedrally ordered density in contact with the base of each core protein dimer. These contacts are absent in the nucleic acid-deficient core (ctHBc) reconstruction. This suggests that the contacts are the sites of interaction between the basic C-terminal tail and the nucleic acid and, furthermore, that this interaction fixes the interior organization of the core C-terminal tail and the neighboring nucleic acid. This organization corresponds well with the localization of nucleic acid density in close association with capsid dimers observed in the X-ray structures of other viruses [25] [26] [27] [28] . It is noteworthy that these contacts are similar not only for flHBc and nHBc -providing further evidence that the E. coli assemblies are reliable models of the native system -but also for DHBc. Therefore, the location, and perhaps the mechanism, of the nucleic acid-core protein interaction is conserved between all the hepatitis B viruses. The observation of larger amounts of nucleic acid in the liver-derived cores is consistent with the specific nature of its incorporation in contrast to the non-specific packaging of lower amounts of nucleic acid in the particles expressed in E. coli.
Envelopment of HBc
In many lipid-containing virus systems, interactions between the capsid and viral membrane proteins are considered to mediate envelopment of the capsid. This is exemplified by the complementary organization of the capsid, the envelope and their connections observed in the 3D reconstructions of alphaviruses [29, 30] . For hepadnaviruses, it has been demonstrated that the cores of DHBV (which infects Peking duck -order Anserformes) can be enveloped by membranes containing the envelope proteins of HHBV (which infects grey heron -order Ciconiiformes) ( [31] ; O Weber and H Schaller, personal communication). Membranes containing DHBV (infecting duck -class Aves) envelope proteins do not envelop HBV (infecting human -class Mammalia) cores [32] . Hence, the core-envelope interactions are preserved across host order boundaries, but not across host class boundaries. Because the projecting domain of the core dimer is nearest to the envelope, it is very likely to be involved in the interaction with the envelope proteins. The data on core envelopment and the structural difference between the human and duck HBc reconstructions implies that the projecting domain of the core dimer is not evolutionarily conserved. Other assembly experiments have demonstrated the formation of chimeric woodchuck-human HBV cores [33] . These results, and the similarity of the nucleic acid contacts and dimer bases in the human and duck reconstructions, encourage the speculation that the genome-core interactions and the base domain of the dimer are evolutionarily conserved.
The HBe2 epitope
The immuno-EM results clarify and extend the work based on biochemical assays of HBc antigenicity. It has been suggested that for intact virus core particles the HBe2 epitope is bipartite with the N-proximal part of the epitope being exposed and the sequence immediately following it being buried [34] . Our reconstructions show that there are holes penetrating the core protein shell, but they are not large enough to allow access of Mabs to the core interior. Our observation that mcl52 binds to intact particles confirms that its epitope, residues 128-133 [35] , is at least partially accessible on the outside surface of the particle.
The reaction of mc158 with intact particles of ctHBc (Table 1) is consistent with their HBe-antigenicity [10] . Such particles are less stable than those made from the filllength protein. This is probably due to the lack of the basic , C-terminal region of the core protein and the consequent loss of stabilizing interactions with the nucleic acid [10, 36] . It was therefore proposed that the HBe-antigenicity of ctHBc could reflect the portion of the structure which would be hidden in the intact core [36] . Instead, the binding of mc158 and mc152 to intact ctHBc particles suggests that part of the HBe2 epitope is presented on core particles. Hence, the freedom of the C-terminal tail from interactions with nucleic acid makes the mc158 epitope accessible on the particle surface. We conclude that the core protein sequence around residue 130 straddles the interior-exterior boundary of the core particle. This would be possible if the epitope were located on the side of the dimer base near the edge of a hole.
The wing on the projecting domain
The one significant difference distinguishing the duck and human virus core surfaces is the presence of two extra wings of density on the projecting domain of the DHBc core protein dimer. This extra density is probably due to additional amino acids in the duck core protein sequence. Alignment of the duck and human C sequences reveals two insertions in the duck sequence: the first (of 39 residues) at position 88 relative to the human sequence; and the second, a stretch of about 20 residues at the C-terminal tail of the duck sequence [18] . The structures should be conserved except in these regions. Both of these regions can be localized in our maps. Because the C-terminal region of HBc interacts with the nucleic acid inside the core, the longer tail of the duck core protein should be located there. The tail is not readily seen in difference maps of the duck and human core reconstructions. This is perhaps due to its small size (-2 kDa) and its association with the nucleic acid. The larger region is located near the epitope (residues 76-84) of the Mabs that label intact human cores and is probably, therefore, exposed on the duck core surface. The ratio of the volume of a wing (3.2 nm 3 ) to a monomer of C (19.7 nm 3 ) is 16%. This is essentially the same as the ratio (15%) of the number of amino acids in the insertion (39 residues) and the full-length duck core protein sequence (262 residues). Hence, we attribute the wing of density on the projecting domain of the core dimer to the insertion at residue 88.
features. The core protein dimer comprises two domains, the projecting domain and the base domain. We have correlated the two extra lobes (or wings) of density on the projecting domain of the duck core protein dimer with the 39 amino acid insertion present in the sequence at amino acid residue 88 relative to HBV. Immuno-labeling results suggest that the human epitope around amino acid 130 resides on the side of the dimer near a hole in the core. The similarity of the human and duck core base domains and the nucleic acid-core interaction sites suggest their evolutionary relatedness. In contrast, the dissimilar projecting domains of the core protein show evolutionary divergence. The division of the structure into divergent and conserved domains mirrors the observed specificity of the interaction with the envelope proteins. An important implication from our work is the constancy of the structure despite variation in the amount of DNA packaged. This presents a view of the HBV capsid as a stable framework in which the conversion of RNA to DNA can occur.
Biological implications
The hepatitis B virus (HBV), classified as a hepadnavirus, is of great medical importance, but the only structural information to date has been provided by electron microscopy. The virion is an enveloped particle of 42 nm diameter. The membrane contains three species of surface glycoprotein and the capsid is composed of dimers of the core protein surrounding the viral reverse transcriptase and DNA genome. Prior to envelopment, the core packages the RNA pregenome and serves as the site for reverse transcription.
Immuno-electron microscopy and cryo-electron microscopy of human and duck hepatitis B viral core particles have been used to examine the common features of the hepadnavirus core.
Comparison of six different three-dimensional structures of native and bacterially expressed cores reveals the organization of the core protein shell and its interactions with nucleic acid. The similarity of the protein shells of the bacterially expressed and authentic HBV core reconstructions demonstrates that the core protein can faithfully assemble into a native structure in the absence of the full viral genome or mammalian cell factors. This confirms the common assumption that these bacterially expressed cores are useful 'surrogates' for the native structure, and these cores in fact form the basis for clinical diagnostic kits.
Comparison of the human and duck virus coresstructures which perform analogous functions but cannot interact productively with each other's envelope proteins -defines evolutionarily conserved
Materials and methods
Preparation of HBV and DHBV core particles from E. coli The particles composed of full-length (amino acid residues 1-183) and the carboxyl truncated (residues 1-149) HBV core proteins (flHBc and ctHBc, respectively) were purified from E. coli NF1 cells transformed with plasmids pPLC4-1 and pPLC4-149 as previously described [10] . pPLC4-1 carries a synthetic C gene [37] specifying the amino acid sequence of the core protein of HBV subtype ayw [38] under control of the phage X pL promoter. pPLC4-149 is identical to pPLC4-1 except that the codons for residues 150-183 at the C terminus of the core protein are deleted. DHBV core protein was obtained using plasmid pExDHBcl [39] which harbors, also under pL promoter control, the DHBV16 [40] sequence (a fragment of the DHBV sequence that contains the entire open reading frame of C). Protein expression was induced by shifting the temperature to 42 0 C which inactivates the temperature-sensitive X cI repressor provided by the host cells. After 2 h, the cells were lysed and core particles purified from the lysate by two subsequent sedimentations through 10-60% sucrose gradients. Direct N-terminal sequencing showed that the proteins start with MDIDPYK (for HBV) and MDINA (for DHBV), as expected from the cloned DNA sequences.
Preparation of HBV core particles from liver
Frozen slices of liver from an HBV-infected human individual were homogenized in a Potter device (in 100 mM NaCI, 20 mM Tris-Cl, 0.1% -mercaptoethanol, 8% sucrose, 1 mM phenylmethylsulfonal fluoride, pH 7.4). After removing cell debris and nuclei by low-speed centrifugation, the particulate material from the supernatant was pelleted (in an SW28 rotor, for 14 h, at 20000 rpm, at 4 0 C) through 20% sucrose in ME-buffer (50 mM MOPS, 1 mM EDTA, pH 7.0). The pellet, suspended in the same buffer, was subjected to sedimentation through a 20-60% sucrose gradient (SW40 rotor, 19 h, 25000 rpm, 4°C). The presence of core protein in individual fractions was detected by a sandwich ELISA test [10] . Cores from positive fractions were concentrated by sedimentation through 20% sucrose onto a 70% sucrose cushion (SW40, 17 h, 30000 rpm, 4°C, ME-buffer). The resulting core particle preparation contained substantial amounts of ferritin which was removed by density-gradient centrifugation in metrizamide. The ferritin banded at a density of about 1.35 g cm -3 and the cores at 1.20-1.25 g cm -3 . On a Western blot using a core-specific antiserum, a single band of about 21 kDa was detected. This material was active in the endogenous kinase assay [41] during which, upon addition of 32 P-y-ATP, the core protein is phosphorylated by a kinase activity associated with the core particle [42] .
Monoclonal antibodies
The Mabs mc205, mc275 and mc312 were initially characterized as HBcAg-specific by their ability to compete with human anti-HBcAg for binding to recombinant HBcAg [16] . mc312 recognizes a linear epitope located between residues 76 and 84 of the core protein [34, 43] , and cross-competes with Mabs mc205 and mc275, which probably react with an epitope in the same region. mcO3 is specific for one of the two major determinants in HBeAg, HBel [16] or HBea [15] , as, in combination with HBe2-specific monoclonals (such as mc158) it recognizes HBeAg in a sandwich ELISA. mc152 reacts with the core protein amino acid sequence 128-133 and mc158 with residues 129-132 [35] .
Electron microscopy of Mab-labeled cores
The affinity and specificity of the human hepatitis B virus core for the different Mabs (described above) were assessed by electron microscopy. The procedure was as follows. First, the core preparations, mixed with the respective Mab in a 1:100 dilution of buffer solution (Tris-NaCl, pH 7.4), were incubated on ice for 30 min. Next, 100 .l 1 of the sample was centrifuged in a Beckman E2 airfuge (Beckman, Palo Alto, CA) for 15 min at 29 PSI to clear most of the free antibody. The supernatant was removed and the pellet was resuspended in 10 Cp1 of buffer (Tris-NaCl, pH 7.4) for 30 min. A 3 1 sample of the resuspended antibody-labeled capsids was pipetted onto a carbon-coated formvar-covered electron microscope grid. The grid was blotted using filter paper and immediately 3 Ll of uranyl acetate (at pH 4) was applied. After 3 s the grid was blotted with filter paper until dry. The specimens were examined in a Philips EM 400 (Philips, Eindhoven, The Netherlands) and images recorded at 33 000 x magnification.
Cryo-electron microscopy
The HBc specimens were prepared for cryo-electron microscopy using a standard vitrification procedure [44] . The specimens of core particles (3-5 pl) were pipetted onto holey carbon films on 400 mesh copper grids, blotted with Whatman filter paper (Whatman, Maidstone, UK), and plunged into ethane slush held in a bath of liquid nitrogen. They were then transferred to a Gatan cryo-holder (Gatan, Munich, Germany) and inserted into a Phillips EM 400 electron microscope adapted for cryo-microscopy. The specimen was held at a constant temperature between -170 0 C and -165 0 C to maintain the vitrified state during microscopy. contrast, but only for spatial frequencies <0.025 A -' (equivalent to a resolution limit of about 40 A). The 2 pm underfocus images (limited to -30 A resolution or spatial frequencies S<0.033 A-') are of adequate contrast at higher resolution to allow processing and were used in making the final reconstructions.
Image processing and 3D reconstructions
The digital image processing, icosahedral reconstruction procedure and structure reliability assessment have been described and discussed by Kenney et al. [19] and reviewed in detail by Fuller et al. [46] . For this work, an initial set of 100-200 particles of each type of core (DHBc, HBc, ctHBc, flHBc) was selected from the digitized micrographs. The particle images were divided into classes based on size (30 nm and 34 nm in diameter). Each particle image was background corrected and iteratively centered by cross-correlation with an average image of that type and class. The furthest-from-focus images (high contrast) were processed to make a low-resolution 3D reconstruction of each core type. The orientation (three angular rotations and the projection center) of each particle was initially determined by the method of self-common lines [45, 47] . The orientations were further refined by cycles of cross-common lines residual minimization [45] and correlation with a 3D model [48] . During this procedure, most of the particles were rejected because they exhibited low icosahedral symmetry and poor model correlation. The remaining (about 10%) particles were used to make a 3D reconstruction by Fourier-Bessel inversion [47] . This low-resolution (-50 A) model was used to help calculate a higher-resolution (-33 A for the large cores and 38 A for the small cores) reconstruction made from the closer-to-focus images of the same particles using the cross-correlation and cross-common lines refinement procedure.
The large particle reconstructions were processed to ensure that any differences distinguishing them were biologically significant and not artifactual. Firstly, they were calculated with the same parameters. This included limiting the data used in the reconstruction to 33 A (for which the cross-common lines residuals are <900), even though the residuals indicate that some of the data are icosahedrally symmetric to 31 A. Secondly, structures were independently determined (albeit, with fewer particles selected from more highly defocused negatives) from different preparations of the same core type. These reconstructions exhibit the same general features as the final high-resolution reconstructions. Thirdly, the large (T=4) particle images were cross-correlated against the DHBc small (T=3) reconstruction (scaled to the same size as the large core) and the resulting orientations were used to produce new reconstructions. These reconstructions were devoid of T=3 structural detail. Furthermore, the orientations either could not be-refined or (for a small subset of images) they refined to those giving the T=4 structure, thus confirming the T number organization. Finally, the density values of the core protein shells (12-17 nm) in the reconstructions were scaled with respect to those of the flHBc reconstruction to correct for the effects of variations in the imaging conditions. The character of the significant differences between the core types was unaffected by this scaling.
The resolution of the reconstructions was also assessed by FRC analysis [20] . The FRC of projections of reconstructions of the same core type with 522 symmetry and full icosahedral (532) symmetry were calculated. For the reconstructions of the large core types, the FRC value approaches unity at low resolution and drops precipitously to -0.6 at 29-31 A. The FRC cutoff is at 36-39 A for the two small core types. Similarly, the resolution limit of the equivalence of the protein shells of the T=-4 cores was determined. The FRC of the projections of the reconstructions (limited in radius to 12-17 nm to include only the protein shell) indicates that three human virus cores are the same to a limit of 31-33 A, whereas the duck virus core is distinguished from the human cores at 50-55 A.
The digitized images were initially processed using SPIDER (Dr Joachim Frank, Wadsworth Center, Albany, New York). The orientations and reconstructions of the particles were calculated using programs developed at the EMBL [24, 45, 49] and Purdue [48] . The 3D structures were analyzed using AVS (Advanced Visual Systems, Inc., Waltham, MA) implemented on the Silicon Graphics SGI480VGX graphics machine.
